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1
METHOD FOR MANUFACTURING GRAIN
ORIENTED ELECTRICAL STEEL SHEET

TECHNICAL FIELD

The present invention relates to a method for manufactur-
ing what is called a “grain oriented electrical steel sheet” in
which crystal grains are accumulated in {110}<001> orien-
tation.

PRIOR ART

Itis known that a grain oriented electrical steel sheet having
crystal grains accumulated in {110}<001> orientation
(which orientation will be referred to as “Goss orientation”
hereinafter) through secondary recrystallization annealing
exhibits superior magnetic properties (see, e.g. JP-B
40-015644). There have been mainly employed in this regard,
as indices of magnetic properties, magnetic flux density By at
magnetic field strength: 800 um and iron loss (per kg) W, - 5,
when a grain oriented electrical steel sheet has been magne-
tized to 1.7 T in an alternating magnetic field of excitation
frequency: 50 Hz.

One of the means for reducing iron loss in a grain oriented
electrical steel sheet is making orientations of crystal grains
thereof after secondary recrystallization annealing be highly
accumulated in Goss orientation. It is important, in order to
make crystal orientations of a steel sheet after secondary
recrystallization annealing be highly accumulated in Goss
orientation, to form in advance predetermined microstructure
in texture of the steel sheet subjected to primary recrystalli-
zation annealing so that only sharply Goss-orientated grains
preferentially grow during secondary recrystallization
annealing. Known examples of the predetermined micro-
structure which allows only sharply Goss-orientated grains to
preferentially grow during secondary recrystallization
annealing include {111}<112> orientation (which orienta-
tion will be referred to as “M orientation™ hereinafter) and
{12 41}<014> orientation (which orientation will be referred
to as “S orientation” hereinafter). It is possible to make crystal
grains after secondary recrystallization annealing be highly
accumulated in Goss orientation (crystal grains in such an
orientation state will be referred to as “Goss-oriented grains”
hereinafter) by making crystal grains in matrix of a steel sheet
subjected to primary recrystallization annealing be highly
accumulated in M orientation and/or S orientation.

For example, JP-A 2001-060505 discloses that a steel sheet
stably exhibiting superior magnetic properties after being
subjected to secondary recrystallization annealing can be
obtained when the steel sheet subjected to primary recrystal-
lization annealing possesses: a texture in the vicinity of a
surface layer of the steel sheet, having a maximum orientation
within 10° from either the orientation of (¢ 1=0°, ®=15°, and
$2=0°) or the orientation of (¢1=5°, ®=20°, and $2=70°) in
Bunge’s Eulerian angle representation; and a texture of a
central layer of the steel sheet, having a maximum orientation
within 5° from the orientation of $1=90°, ®=60°, and
®2=45° in Bunge’s FEulerian angles representation.

Further, one of the means for controlling texture of a steel
sheet observed after primary recrystallization annealing is
controlling rolling reduction rate in the final cold rolling. For
example, JP-B 4123653 discloses that a grain oriented elec-
trical steel sheet stably exhibiting superior magnetic proper-
ties can be obtained by manufacturing a grain oriented elec-
trical steel sheet according to a generally known cold rolling
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2

method but specifically setting rolling reduction rate in the
final cold rolling in the range of 70% to 91% (inclusive of
70% and 91%).

Demand for grain oriented electrical steel sheets exhibiting
low iron loss has been rapidly increasing in recent years as
energy-saving awareness in public arises. “Inst. Elec. Engrs.
95[1I]” (1948), p. 38, discloses that eddy-current loss as a
deciding factor of iron loss becomes more unfavorable in
proportion to the square of sheet thickness value. This means
that iron loss can be significantly reduced by decreasing sheet
thickness of a steel sheet. In other words, reducing iron loss of
a grain oriented electrical steel sheet is compatible with mak-
ing the steel sheet thin, i.e. stable production of a thin steel
sheet. However, silicon steel for a grain oriented electrical
steel sheet is susceptible to hot shortness due to a relatively
high content of Si therein, thereby inevitably imposing
restrictions on production of a thin grain oriented electrical
steel sheet by hot rolling. In view of the situation described
above, two-step cold rolling has been employed as a tech-
nique of setting rolling reduction rate in the final cold rolling
in a preferred range as disclosed in JP-B 4123653.

There have been developed a number of techniques of
forming primary recrystallization texture such that the texture
allows only sharply Goss-oriented grains to preferentially
grow when a grain oriented electrical steel sheet is manufac-
tured according to the two-step cold rolling method. For
example, JP-A 63-259024 discloses a method for controlling
precipitation morphology of carbides prior to the final cold
rolling by controlled cooling after intermediate annealing,
such that superior texture is formed in a steel sheet subjected
to primary recrystallization annealing.

DISCLOSURE OF THE INVENTION
Problems to be solved by the Invention

However, the inventors of the present invention discovered
that the two-step cold rolling method disclosed in JP-A
63-259024 has a problem in that crystal orientations in texture
of'a steel sheet subjected to primary recrystallization anneal-
ing tend to be highly accumulated only in M orientation and
thus crystal orientation intensity in S orientation of the texture
is relatively weak, although crystal orientations are prefer-
ably highly accumulated in S orientation, as well as M orien-
tation, with good balance between the two orientations.

The inventors of the present invention assume that such a
problem as described above occurs because crystal grain size
of'a steel sheet prior to the final cold rolling is generally very
small and M-oriented recrystallization nuclei-generating
sites exist at boundaries of such crystal grains prior to cold
rolling, whereby the finer crystal grain size tends to increase
the number of sites where M-oriented recrystallization nuclei
are generated.

It is known that recrystallized grain size of steel decreases
due to increase in accumulated strain and introduction of
non-uniform strain caused by rolling. That is, the more
repeatedly rolling-recrystallization process is carried out, the
smaller size of recrystallized grains is resulted. High-carbon
silicon steel utilizing austenite-ferrite transformation for the
purpose of improving microstructure thereof in a hot rolled
state, in particular, is susceptible to introduction of excessive
non-uniform strain during rolling and thus recrystallized
grains thereof tend to be fine and non-uniform because high
carbon steel has dual-phase (ferrite+pearlite) microstructure.

In this regard, for example, JP-B 2648424 discloses a tech-
nique of carrying out annealing of a hot rolled steel sheet in a
non-recrystallization temperature region and subjecting the
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steel sheet thus annealed to carbide precipitation process in
cooling, such that precipitation morphology of carbides prior
to the final cold rolling is adequately controlled. However, the
technique of JP-B 2648424 rather makes recrystallized grains
finer because the technique aims at breaking {100} fiber-like
structure mainly through accumulation of strains at relatively
high density.

The inventors of the present invention made a keen study to
solve the aforementioned problems and, as a result, discov-
ered that it is possible to enhance intensity ratio of S orienta-
tion in texture of a steel sheet subjected to primary recrystal-
lization and thus adequately control the texture of the steel
sheet subjected to primary recrystallization by controlling
grain size of a steel sheet prior to the final cold rolling (grain
size at that stage has not attracted any attention in the prior
art), or more specifically, by spheroidizing lamellar-like car-
bides precipitated in pearlite microstructure as the secondary
phase of the steel sheet (spheroidization of carbides in pearl-
ite microstructure) to decrease non-uniform strain in rolling
and coarsen crystal grains prior to the final cold rolling.

The present invention has been contrived based on the
aforementioned discoveries and an object thereof is to pro-
vide a method for manufacturing a grain oriented electrical
steel sheet by two-step cold rolling, which method enables
obtaining an austenite-ferrite transformation utilizing-type
grain oriented electrical steel sheet exhibiting superior mag-
netic properties after secondary recrystallization by carrying
out a predetermined thermal treatment prior to any one of cold
rolling processes other than finish cold rolling.

Means for solving the Problem

Specifically, primary features of the present invention are
as follows. (1) A method for manufacturing a grain oriented
electrical steel sheet, comprising the steps of:

subjecting a steel slab having a composition containing by
mass %, C: 0.020% to 0.15% (inclusive of 0.020% and
0.15%), Si: 2.5% to 7.0% (inclusive of 2.5% and 7.0%), Mn:
0.005% t0 0.3% (inclusive 0£0.005% and 0.3%), acid-soluble
aluminum: 0.01% to 0.05% (inclusive of 0.01% and 0.05%),
N: 0.002% to 0.012% (inclusive of 0.002% and 0.012%)), at
least one of S and Se by the total content thereof being 0.05%
or less, and the balance as Fe and incidental impurities to
heating and subsequent hot rolling to obtain a hot rolled steel
sheet; subjecting the hot rolled steel sheet optionally to hot-
band annealing and essentially to at least two cold rolling
operations with intermediate annealing therebetween to
obtain a cold rolled steel sheet having final sheet thickness;
and subjecting the cold rolled steel sheet to primary recrys-
tallization annealing and then secondary recrystallization
annealing, wherein a thermal treatment is carried out, prior to
any one of cold rolling operations other than final cold rolling,
at temperature in the range of 500° C. to 750° C. (inclusive of
500° C. and 750° C.) for a period in the range of 10 minutes
to 480 hours (inclusive of 10 minutes and 480 hours).

(2) The method for manufacturing a grain oriented electri-
cal steel sheet of (1) above, wherein temperature-increasing
rate between 500° C. and 700° C. in the primary recrystalli-
zation annealing is at least 50° C./second.

(3) The method for manufacturing a grain oriented electri-
cal steel sheet of (1) or (2) above, further comprising subject-
ing the cold rolled steel sheet to magnetic domain refinement
at a stage after the final cold rolling.

(4) The method for manufacturing a grain oriented electri-
cal steel sheet of (3) above, wherein the magnetic domain
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refinement is carried out by irradiating the steel sheet sub-
jected to the secondary recrystallization annealing with elec-
tron beam.

(5) The method for manufacturing a grain oriented electri-
cal steel sheet of (3) above, wherein the magnetic domain
refinement is carried out by irradiating the steel sheet sub-
jected to the secondary recrystallization annealing with con-
tinuous-wave laser.

(6) The method for manufacturing a grain oriented electri-
cal steel sheet of any of (1) to (5) above, wherein the steel slab
further contains by mass % at least one element selected from
Ni: 0.005% to 1.5% (inclusive of 0.005% and 1.5%), Sn:
0.005% to 0.50% (inclusive of 0.005% and 0.50%), Sb:
0.005% to 0.50% (inclusive of 0.005% and 0.50%), Cu:
0.005% to 1.5% (inclusive of 0.005% and 1.5%), and P:
0.005% to 0.50% (inclusive of 0.005% and 0.50%).

Effect of the Invention

According to the method for manufacturing a grain ori-
ented electrical steel sheet of the present invention, it is pos-
sible, due to successful formation of texture having crystal
orientations highly accumulated in Goss orientation in a steel
sheet subjected to primary recrystallization annealing, to
manufacture a grain oriented electrical steel sheet exhibiting
more excellent magnetic properties after secondary recrystal-
lization annealing than the conventional grain oriented elec-
trical steel sheet. In particular, it is possible to achieve excel-
lent iron loss properties after secondary recrystallization
annealing, i.e. W, ,5,: 0.85 W/kg or less, even in a very thin
steel sheet having sheet thickness: 0.23 mm, which is difficult
to attain by the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graph showing relationships between soaking
time and iron loss when a steel sheet is subjected to various
types of thermal treatments.

FIG. 2 is a graph showing relationships between soaking
temperature and iron loss when a steel sheet is subjected to
various types of thermal treatments.

FIG. 3 is a graph showing relationships between soaking
time, soaking temperature and iron loss in various types of
thermal treatments.

BEST EMBODIMENT FOR CARRYING OUT
THE INVENTION

The present invention will be described in detail hereinaf-
ter. The symbol “%” regarding a component of a steel sheet
represents mass % in the present invention unless specified
otherwise.

C: 0.020% to 0.15% (inclusive of 0.020% and 0.15%)
Carbon is an element necessitated in utilizing austenite-fer-
rite transformation when a steel sheet is hot rolled and a
resulting hot rolled steel sheet is soaked in annealing to
improve microstructure of the hot rolled steel sheet. Carbon
content in steel exceeding 0.15% not only increases load
experienced in decarburization but also results in incomplete
decarburization, thereby possibly causing magnetic aging in a
product steel sheet. However, carbon content in steel lower
than 0.020% results in an insufficient effect of improving
microstructure of a hot rolled steel sheet, thereby making it
difficult to obtain desired primary recrystallization texture.
Accordingly, carbon content in steel is to be in the range of
0.020% to 0.15% (inclusive of 0.020% and 0.15%).
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Si: 2.5% to 7.0% (inclusive of 2.5% and 7.0%)

Silicon is a very effective element in terms of increasing
electrical resistance of steel and decreasing eddy-current loss
constituting a portion of iron loss. When Si is added to a steel
sheet, electrical resistance monotonously increases until Si
content in steel reaches 11% but formability of steel signifi-
cantly deteriorates when Si content exceeds 7.0%. On the
otherhand, Si content in steel less than 2.5% lessens electrical
resistance too much, thereby making it impossible to obtain
good iron loss properties of the steel sheet. Accordingly, Si
content in steel is to be in the range 01 2.5% to 7.0% (inclusive
012.5% and 7.0%). The preferable upper limit of Si content in
steel is 4.0% in terms of stably ensuring good formability of
the steel.

Mn: 0.005% to 0.3% (inclusive of 0.005% and 0.3%)
Manganese is an important element in a grain oriented elec-
trical steel sheet because MnS and MnSe each serve as an
inhibitor which suppresses normal grain growth in tempera-
ture-increasing process of secondary recrystallization
annealing. Mn content in steel lower than 0.005% results in
shortage of absolute quantity of the inhibitor and thus insuf-
ficient suppression of normal grain growth. However, Mn
content in steel exceeding 0.3% not only necessitates heating
a slab at relatively high temperature in slab-heating process
prior to hot rolling to bring all manganese into the solute-Mn
state but also allows coarse inhibitors to be precipitated,
which results in insufficient suppression of normal grain
growth after all. Accordingly, Mn content in steel is to be in
the range of 0.005% to 0.3% (inclusive 0f 0.005% and 0.3%).

Acid-soluble aluminum: 0.01% to 0.05% (inclusive of
0.01% and 0.05%) Acid-soluble aluminum is an important
element in a grain oriented electrical steel sheet because AIN
serves as an inhibitor which suppresses normal grain growth
in temperature-increasing process of secondary recrystalliza-
tion annealing. Acid-soluble Al content in steel lower than
0.01% results in shortage of absolute quantity of the inhibitor
and thus insufficient suppression of normal grain growth.
However, acid-soluble Al content in steel exceeding 0.05%
allows coarse AIN to be precipitated, which results in insuf-
ficient suppression of normal grain growth. Accordingly,
acid-soluble Al content in steel is to be in the range of 0.01%
to 0.05% (inclusive of 0.01% and 0.05%).

N: 0.002% to 0.012% (inclusive of 0.002% and 0.012%)
Nitrogen is bonded to aluminum to form an inhibitor. Nitro-
gen content in steel lower than 0.002% results in shortage of
absolute quantity of the inhibitor and thus insufficient sup-
pression of normal grain growth. However, nitrogen content
in steel exceeding 0.012% causes voids (referred to “blis-
ters”) to be formed in a resulting steel sheet in cold rolling,
which deteriorate appearance of the steel sheet. Accordingly,
nitrogen content in steel is to be in the range of 0.002% to
0.012% (inclusive of 0.002% and 0.012%).

At least one of S and Se by the total content thereof being
0.05% or less Sulfur and selenium are each bonded to Mn to
form an inhibitor. The total content of S and Se in steel
exceeding 0.05% results in insufficient removal of sulfur and
selenium in secondary recrystallization annealing, which
worsens iron loss. Accordingly, the total content of at least
one element selected from S and Se is to be 0.05% or less.
Presence of these two elements is not essential in the present
invention. However, the lower limit of the total content of S
and Se is preferably around 0.01% in terms of ensuring a good
effect caused by addition of S and/or Se, although there is no
particular restriction on the lower limit.

The balance other than the aforementioned basic compo-
nents of the grain oriented steel sheet of the present invention
is Fe and incidental impurities. Examples of the incidental
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impurities include impurities incidentally mixed from raw
materials, manufacturing facilities, and the like into steel.

The grain oriented electrical steel sheet of the present
invention may further contain, in addition to the basic com-
ponents described above, following other elements in an
appropriate manner according to need.

Ni: 0.005% to 1.5% (inclusive of 0.005% and 1.5%)
Nickel, which is an austenite-forming element, is useful in
terms of utilizing austenite transformation to improve micro-
structure of a hot rolled steel sheet and thus magnetic prop-
erties of the steel sheet. Nickel content in steel lower than
0.005% results in an insufficient effect of improving magnetic
properties of the steel. However, Ni content in steel exceeding
1.5% deteriorates formability of steel and thus sheet-feeding
properties of steel sheet, and also makes secondary recrystal-
lization unstable to deteriorate magnetic properties of the
steel sheet. Accordingly, Ni content in steel is to be in the
range of 0.005% to 1.5% (inclusive of 0.005% and 1.5%).

At least one type of element selected from Sn: 0.005% to
0.50% (inclusive of 0.005% and 0.50%), Sly 0.005% to
0.50% (inclusive 0f 0.005% and 0.50%), Cu: 0.005%to 1.5%
(inclusive of 0.005% and 1.5%), and P: 0.005% to 0.50%
(inclusive of 0.005% and 0.50%)

Sn, Sb, Cu and P are useful elements in terms of improving
magnetic properties of a steel sheet. When contents of these
elements in steel fail to reach the aforementioned respective
lower limit values thereof, the effects of improving magnetic
properties of a resulting steel sheet caused by these elements
will be insufficient. However, contents of these elements in
steel exceeding the aforementioned respective upper limit
values thereof make secondary recrystallization unstable to
deteriorate magnetic properties of a resulting the steel sheet.
Accordingly, Sn content is to be in the range of 0.005% to
0.50% (inclusive 0f0.005% and 0.50%), Sb content is to be in
the range of 0.005% to 0.50% (inclusive of 0.005% and
0.50%), Cu content is to be in the range of 0.005% to 1.5%
(inclusive of 0.005% and 1.5%), and P content is to be in the
range of 0.005% to 0.50% (inclusive of 0.005% and 0.50%).
In general, decarburizing annealing is carried out either inde-
pendently from primary recrystallization annealing or as pri-
mary recrystallization annealing; and purification annealing
is carried out either independently from secondary recrystal-
lization annealing or as secondary recrystallization annealing
in a process of manufacturing a grain oriented electrical steel
sheet. As a result of these decarburizing annealing and puri-
fication annealing, contents of C, N and at least one element
selected from S and Se are reduced. Therefore, a composition
of steel sheet when tension-imparting coating film provided
on a surface of the steel sheet is removed after purification
annealing becomes as shown below.

C:0.0035% or less, N: 0.0035% or less, and the total content
of at least one element selected from S and Se: 0.0020% or
less.

A steel slab having the aforementioned composition thus
obtained is heated and hot rolled to obtain a hot rolled steel
sheet. The hotrolled steel sheet is then optionally subjected to
hot-band annealing to improve microstructure of the hot
rolled steel sheet as desired (in a case where non-recrystal-
lized portion in microstructure is to be eliminated to improve
magnetic properties, for example). The hot-band annealing is
preferably carried out under conditions of soaking tempera-
ture: 800° C. to 1200° C. (inclusive of 800° C. and 1200° C.)
and soaking time: 2 seconds to 300 seconds (inclusive of 2
seconds and 300 seconds).

Soaking temperature in hot-band annealing lower than 800°
C.fails to satisfactorily improve microstructure of a hot rolled
steel sheet and allows non-recrystallized portion to remain in
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the microstructure, thereby possibly making it impossible to
obtain desired microstructure. However, the soaking tem-
perature is preferably 1200° C. or lower at which remelting
and Ostwald growth of AIN, MnSe and MnS as inhibitors do
not rapidly proceed, to ensure satisfactory secondary recrys-
tallization performance. Accordingly, soaking temperature in
hot-band annealing is preferably in the range of 800° C. to
1200° C. (inclusive of 800° C. and 1200° C.).

Soaking time shorter than 2 seconds in hot-band annealing
results in too short retention time at high temperature, thereby
possibly allowing non-recrystallized portion to remain and
making it impossible to obtain the desired microstructure.
However, the soaking time is preferably 300 seconds or less in
which remelting and Ostwald growth of AIN, MnSe and MnS
as inhibitors do not rapidly proceed, to ensure satisfactory
secondary recrystallization performance. Accordingly, soak-
ing time in hot-band annealing is preferably in the range of 2
seconds to 300 seconds (inclusive of 2 seconds and 300
seconds). The hot-band annealing described above is prefer-
ably carried out according to a generally-implemented con-
tinuous annealing method.

The grain oriented electrical steel sheet of the present

invention can be obtained basically by subjecting the afore-
mentioned hot rolled steel sheet optionally to hot-band
annealing and essentially to at least two cold rolling opera-
tions with intermediate annealing therebetween to obtain a
cold rolled steel sheet having final sheet thickness.
The most important feature of the present invention, however,
resides in that a thermal treatment is carried out, prior to any
one of cold rolling operations other than final cold rolling, at
temperature in the range of 500° C. to 750° C. (inclusive of
500° C. and 750° C.) for a period ranging from 10 minutes to
480 hours (inclusive of 10 minutes and 480 hours).

An experiment was carried out to confirm an appropriate
range of soaking time when the thermal treatment is imple-
mented according to the present invention. The experiment
included: heating a slab having a chemical composition of the
present invention at 1350° C.; hot rolling the slab to sheet
thickness of 2.2 mm to obtain a hot rolled steel sheet; sub-
jecting the hot rolled steel sheet to hot-band annealing at
1050° C. for 40 seconds; then, prior to first cold rolling,
subjecting the steel sheet to a thermal treatment in dry nitro-
gen atmosphere under the conditions shown in FIG. 1; sub-
jecting the steel sheet thus treated to cold rolling to sheet
thickness of 1.5 mm and intermediate annealing at 1080° C.
for 80 seconds; then subjecting the steel sheet to another cold
rolling to sheet thickness of 0.23 mm and primary recrystal-
lization annealing also serving as decarburizing annealing at
800° C. for 120 seconds; coating a surface of the steel sheet
with annealing separator mainly composed of MgO; and sub-
jecting the steel sheet to secondary recrystallization anneal-
ing also serving as purification annealing at 1150° C. for 50
hours, to obtain test specimens under respective conditions.
FIG. 1 shows the measurement results of magnetic properties
of the respective test specimens.

The test specimen prepared at soaking temperature in the
thermal treatment prior to the first cold rolling: 700° C. gen-
erally achieved successful reduction of iron loss but failed to
improve iron loss properties when soaking time was less than
10 minutes. Iron loss properties failed to improve when soak-
ing time was less than 10 minutes because then spheroidiza-
tion of carbides in pearlite microstructure of a steel sheet did
not proceed and non-uniform strains were excessively accu-
mulated in the steel sheet in the first cold rolling, whereby
grain size of the steel sheet at the stage of the intermediated
annealing, i.e. grain size of the steel sheet prior to the final
cold rolling, failed to grow large or be coarsened.
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On the other hand, as shown in FIG. 1, the test specimen
prepared at soaking temperature in the thermal treatment
prior to the first cold rolling: 400° C. substantially failed to
improve iron loss properties. Iron loss properties failed to
improve in this test specimen because then spheroidization of
carbides in pearlite microstructure of the steel sheet of the
specimen did not proceed and non-uniform strains were
excessively accumulated in the steel sheet in the first cold
rolling, whereby grain size of the steel sheet at the stage of the
intermediated annealing, i.e. grain size of the steel sheet prior
to the final cold rolling, failed to grow large or be coarsened.

Further, as shown in FIG. 1, the test specimen prepared at
soaking temperature in the thermal treatment prior to the first
cold rolling: 800° C. utterly failed to improve iron loss prop-
erties. Iron loss properties failed to improve in this test speci-
men because the soaking temperature exceeding the A | trans-
formation temperature caused a portion of pearlite phase to be
transformed into austenite phase and diffusion of carbon
stopped in the steel sheet of the specimen, whereby pearlite
phase appeared again in cooling process, non-uniform strains
were excessively accumulated in the steel sheet in the first
cold rolling, and thus grain size of the steel sheet at the stage
of'the intermediated annealing, i.e. grain size of the steel sheet
prior to the final cold rolling, failed to grow large or be
coarsened.

That is, it has been revealed that: it is possible to coarsen
grain size of a steel sheet at the stage of the intermediated
annealing, i.e. prior to the final cold rolling, and obtain the
desired primary recrystallization texture of the steel sheet by
subjecting the steel sheet to a thermal treatment prior to first
cold rolling under conditions of e.g. soaking temperature:
700° C. and soaking time: at least 10 minutes; and the steel
sheet thus obtained exhibits superior magnetic properties.

Next, another experiment was carried out to confirm an

appropriate range of soaking time when the thermal treatment
is implemented according to the present invention.
The experiment included: heating a slab having a chemical
composition of the present invention at 1350° C.; hot rolling
the slab to sheet thickness of 2.0 mm to obtain a hot rolled
steel sheet; subjecting the hot rolled steel sheet to hot-band
annealing at 1000° C. for 40 seconds; then, prior to first cold
rolling, subjecting the steel sheet to a thermal treatment in dry
nitrogen atmosphere under the conditions shown in FIG. 2;
subjecting the steel sheet thus treated to cold rolling to sheet
thickness of 1.3 mm and intermediate annealing at 1100° C.
for 80 seconds; then subjecting the steel sheet to another cold
rolling to sheet thickness of 0.23 mm and primary recrystal-
lization annealing also serving as decarburizing annealing at
800° C. for 120 seconds; coating a surface of the steel sheet
with annealing separator mainly composed of MgO; and sub-
jecting the steel sheet to secondary recrystallization anneal-
ing also serving as purification annealing at 1150° C. for 50
hours, to obtain test specimens under respective conditions.
FIG. 2 shows the measurement results of magnetic properties
of the respective test specimens.

It is understood from FIG. 2 that the test specimen with
soaking time in the thermal treatment prior to the first cold
rolling: 24 hours successtully improved iron loss properties
of the steel sheet at soaking temperature in the range of 500°
C.to 750° C. (inclusive of 500° C. and 750° C.). Specifically,
in a case where soaking temperature is set to be in the range of
500° C. to 750° C. (inclusive of 500° C. and 750° C.), setting
sufficient soaking time (e.g. 24 hours) ensures that sphe-
roidization of lamella-like carbides (cementite) in pearlite
microstructure of the steel sheet proceeds sufficiently and
solute carbon in grains are diffused to grain boundaries to be
precipitated as coarse spherical carbides (cementite) at grain
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boundaries. As a result, the steel sheet has microstructure
resembling ferrite single phase, successfully reduces quantity
of non-uniform strain generated during rolling and coarsens
grain size of the steel sheet at the stage of the intermediated
annealing, i.e. grain size of the steel sheet prior to the final
cold rolling, whereby desired primary recrystallization tex-
ture can be obtained in the steel sheet.

On the other hand, the test specimen with soaking time in
the thermal treatment prior to the first cold rolling: 5 minutes
failed to cause an iron-loss improving effect even when the
thermal treatment was carried out in the preferred tempera-
ture range shown in FIG. 2. It is understood from this result
that the thermal treatment of the present invention requires a
certain length of time to ensure spheroidization of lamellar-
like carbides in pearlite microstructure and diffusion of intra-
granular solute carbon to grain boundaries to be precipitated
as spherical carbides as described above.

In short, it has been revealed that: it is possible to coarsen
grain size of a steel sheet at the stage of the intermediated
annealing, i.e. grain size of the steel sheet prior to the final
cold rolling, and obtain the desired primary recrystallization
texture of the steel sheet by subjecting the steel sheet to a
thermal treatment prior to first cold rolling under conditions
of, e.g. soaking temperature: 500° C. to 750° C. (inclusive of
500° C. and 750° C.) and soaking time: e.g. 24 hours.

Further, yet another experiment was carried out to confirm

the aforementioned appropriate ranges of soaking tempera-
ture and soaking time in the thermal treatment.
The experiment first carried out: preparing a slab containing
C: 0.04%, Si: 3.1%, Mn: 0.13%, acid-soluble Al: 0.01%, N:
0.007%, S: 0.003%, Se: 0.03%, and the balance as Fe and
incidental impurities; heating the slab at 1350° C.; and hot
rolling the slab to sheet thickness of 2.0 mm to obtain a hot
rolled steel sheet.

The experiment further included: subjecting the hot rolled
steel sheet to hot-band annealing at 1000° C. for 40 seconds;
then, prior to first cold rolling, subjecting the steel sheet to a
thermal treatment in dry nitrogen atmosphere (the soaking
temperature and soaking time conditions were varied as
shown in FIG. 3); subjecting the steel sheet thus treated to
cooling in a furnace, cold rolling to sheet thickness of 1.5 mm
and intermediate annealing at 1080° C. for 80 seconds; then
subjecting the steel sheet to another cold rolling to sheet
thickness 0£0.23 mm and primary recrystallization annealing
also serving as decarburizing annealing at 800° C. for 120
seconds; coating a surface of the steel sheet with annealing
separator mainly composed of MgO; and subjecting the steel
sheet to secondary recrystallization annealing also serving as
purification annealing at 1150° C. for 50 hours, to obtain
grain oriented electrical steel sheet samples. FIG. 3 shows the
measurement results of iron loss value W, 5, of the grain
oriented electrical steel sheet samples in connection with the
relationship between soaking temperature and soaking time
in the thermal treatment prior to the first cold rolling.

It is understood from FIG. 3 that it is possible to obtain
superior iron loss value, i.e. iron loss value W, 5, of a steel
sheet after secondary recrystallization annealing=0.85 W/kg,
by carrying out the thermal treatment prior to the first cold
rolling under the conditions of soaking temperature: 500° C.
to 750° C. (inclusive of 500° C. and 750° C.) and soaking
time: at least 10 minutes. Further, regarding the soaking time,
it is confirmed from FIG. 3 that superior iron loss values are
realized up to 480 hours. Accordingly, the upper limit of
soaking time is to be 480 hours in view of productivity,
production cost, and the like in the present invention.

The grain oriented electrical steel sheet samples prepared
under the aforementioned appropriate conditions to exhibit

25

35

40

45

55

65

10

satisfactorily low iron loss also show superior magnetic flux
density B, values after secondary recrystallization annealing,
respectively. Therefore, it is assumed that degree of accumu-
lation of Goss-oriented grains is enhanced in a steel sheet
after secondary recrystallization by carrying out the thermal
treatment described above.

It is understood from the experiments shown in FIGS. 1 to
3 that a steel sheet having a chemical composition of the
present invention, subjected to a predetermined thermal treat-
ment, exhibits iron loss value after secondary recrystalliza-
tion =0.85 W/kg, i.e. superior iron loss value.

Further, it is understood that the thermal treatment needs to
be carried out, prior to any one of cold rolling operations other
than the final cold rolling, at temperature in the range of 500°
C. to 750° C. (inclusive of 500° C. and 750° C.) for a period
in the range of 10 minutes to 480 hours (inclusive of 10
minutes and 480 hours).

It has been confirmed that, although the foregoing experi-
ments are unanimously related to the thermal treatment prior
to the first cold rolling, a magnetic properties-improving
effect equivalent to those observed in the foregoing experi-
ments can be caused as long as the thermal treatment is
carried out prior to any one of cold rolling operations other
than the final cold rolling. The thermal treatment described
above is preferably carried out as batch annealing in terms of
ensuring the aforementioned appropriate processing or reten-
tion time.

Conventional conditions relating to the intermediate
annealing may by applied to the present invention. Preferable
conditions of the intermediate annealing include soaking
temperature: 800° C. to 1200° C. (inclusive of 800° C. and
1200° C.), soaking time: 2 seconds to 300 seconds (inclusive
of’2 seconds and 300 seconds), and cooling rate between 800°
C. to 400° C. in the cooling process after the intermediate
annealing: 10° C./second to 200° C./second (inclusive of 10°
C./second and 200° C.second) (for rapid cooling). These
conditions are suitable for the intermediate annealing prior to
the final cold rolling in particular.

Specifically, soaking temperature in the intermediate
annealing is preferably 800° C. or higher in terms of ensuring
sufficient recrystallization of cold-rolled microstructure to
improve evenness of grain size in the microstructure of a steel
sheet after primary crystallization and thus facilitate grain
growth in secondary recrystallization in the microstructure.
However, the soaking temperature is preferably 1200° C. or
lower at which remelting and Ostwald growth of AIN, MnSe
and MnS as inhibitors do not rapidly proceed, to ensure
satisfactory secondary recrystallization performance.
Accordingly, soaking temperature in the intermediate anneal-
ing is preferably in the range 0o 800° C. to 1200° C. (inclusive
0f 800° C. and 1200° C.).

Further, soaking time in the intermediate annealing is pref-
erably atleast 2 seconds in terms of ensuring sufficient recrys-
tallization of cold-rolled microstructure of a steel sheet. How-
ever, to ensure satisfactory secondary recrystallization
performance, the soaking time is preferably 300 seconds or
less so that remelting and Ostwald growth of AIN, MnSe and
MnS as inhibitors do not rapidly proceed.

Accordingly, soaking temperature in the intermediate anneal-
ing is preferably in the range of 2 seconds to 300 seconds
(inclusive of 2 seconds and 300 seconds).

Yet further, setting cooling rate between 800° C. to 400° C.
in the cooling process after the intermediate annealing to be at
least 10° C./second is preferable in terms of suppressing
coarsening of carbides and further enhancing the effect of
improving texture of a steel sheet in a period ranging from the
final cold rolling and primary recrystallization annealing.
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However, setting the cooling rate between 800° C. to 400° C.
in the cooling process after the intermediate annealing to be
200° C./second or lower is preferable in terms of preventing
hard martensite phase from being formed in microstructure of
a steel sheet and improving the microstructure of the steel
sheet after primary recrystallization to further improve mag-
netic properties of the steel sheet. Accordingly, the cooling
rate between 800° C. to 400° C. in the cooling process after
the intermediate annealing is preferably in the range of 10°
C./second to 200° C./second (inclusive of 10° C./second and
200° C./second). The intermediate annealing described above
is preferably carried out according to a generally-imple-
mented continuous annealing method.

Rolling reduction rate in the final cold rolling is preferably
in the range of 60% to 92% (inclusive of 60% and 92%) in
terms of ensuring satisfactory texture of a steel sheet after
primary recrystallization in the present invention, although
the rolling reduction rate is not particularly restricted.

The steel sheet rolled to have the final sheet thickness by

the final cold rolling is then preferably subjected to primary
recrystallization annealing at soaking temperature: 700° C. to
1000° C. (inclusive o 700° C. and 1000° C.). Primary recrys-
tallization annealing, carried out in, e.g. a wet hydrogen atmo-
sphere, can perform decarburization of the steel sheet, as
well.
Setting soaking temperature in the primary recrystallization
annealing to be 700° C. or higher is preferable in terms of
ensuring sufficient recrystallization of cold-rolled micro-
structure of the steel sheet. However, the soaking temperature
is preferably 1000° C. or lower in terms of suppressing sec-
ondary recrystallization of Goss-oriented grains at this stage.
Accordingly, soaking temperature in the primary recrystalli-
zation annealing is preferably in the range of 700° C. to 1000°
C. (inclusive of 700° C. and 1000° C.).

Carrying out primary recrystallization annealing such that
it satisfies the aforementioned soaking conditions is prefer-
able in order to obtain such a texture-improving effect as
described above. However, a temperature-increasing stage of
the primary recrystallization annealing is more important in
terms of highly accumulating crystal orientations in S orien-
tation. Specifically, it is possible to further enhance intensity
ratios of S orientation and Goss orientation in texture of a
steel sheet after primary recrystallization and make grain size
after secondary recrystallization fine while increasing mag-
netic flux density of the steel sheet after secondary recrystal-
lization, thereby eventually improving iron loss properties of
the steel sheet, by carrying out the primary recrystallization
annealing at temperature-increasing rate of at least 50°
C./second between 500° C. and 700° C.

The present invention relates to a technique of coarsening
grain size prior to the final cold rolling of a steel sheet by
subjecting the steel sheet to a predetermined thermal treat-
ment prior to any of cold rolling operations other than the final
cold rolling, so that intensity ratio of S orientation in texture
of the steel sheet after primary recrystallization is increased.
Setting temperature-increasing rate between 500° C. and
700° C. in the temperature-increasing process of the primary
recrystallization annealing, to be at least 50° C./second, suc-
cessfully decreases intensity ratio of M orientation slightly
and increase intensity ratios of S orientation and Goss orien-
tation in texture of the steel sheet after primary recrystalliza-
tion. That is, intensity ratio of S orientation, which orientation
facilitates high accumulation of sharply Goss-oriented grains
in secondary recrystallization, and intensity ratio of Goss
orientation which serves as a nucleus of secondary recrystal-
lization are both increased, whereby a resulting final steel
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sheet product can maintain high magnetic flux density and
achieve low iron loss due to fine grains resulted from second-
ary recrystallization.

Regarding a temperature section in which the temperature-

increasing rate is to be controlled, the temperature-increasing
rate in a section ranging from 500° C. to 700° C., which
section corresponds to recovery of microstructure, is critical
because rapid heating in a temperature range corresponding
to recovery of microstructure after cold rolling to promote
recrystallization must be achieved. The temperature-increas-
ing rate is preferably at least 50° C./second because the tem-
perature-increasing rate lower than 50° C./second cannot suf-
ficiently suppress recovery of microstructure in the
aforementioned temperature range. There is no particular
restriction on the upper limit of the temperature-increasing
rate. However, the temperature-increasing rate is preferably
400° C./second or less because too high temperature-increas-
ing rate requires large-scale facilities and the like.
Primary recrystallization annealing, also serving as decarbur-
ization process in many applications, is preferably carried out
in an oxidizing atmosphere (e.g. Py,o/P,>0.1) which is
advantageous to decarburization. However, an atmosphere
not satisfying the aforementioned range (i.e. P, /P,,=<0.1) is
allowed in the temperature section between 500° C. and 700°
C. in which relatively high temperature-increasing rate is
required and introduction of an oxidizing atmosphere into
facilities may be difficult due to restrictions resulting from
this requirement. That is, feeding the sufficiently oxidizing
atmosphere in a temperature range around 800° C. is impor-
tant in terms of good decarburization. It is acceptable to carry
out decarburization annealing separately from primary
recrystallization annealing.

Further, it is acceptable to carry out nitriding treatment of
incorporating nitrogen into steel by concentration of 150 ppm
to 250 ppm in a period between primary recrystallization
annealing and secondary recrystallization annealing. The
known techniques such as carrying out thermal treatment in
NH; atmosphere after primary recrystallization, adding
nitride into annealing separator, feeding a nitriding atmo-
sphere as a secondary recrystallization annealing atmo-
sphere, or the like may be applied to the nitriding treatment.

Thereafter, a surface of the steel sheet is optionally coated
with annealing separator mainly composed of MgO and then
secondary recrystallization is carried out. There are no par-
ticular restrictions on annealing conditions of the secondary
recrystallization annealing and the conventionally known
annealing conditions can be applied thereto. Secondary
recrystallization annealing can serve as purification anneal-
ing, as well, by setting the annealing atmosphere thereof to be
a hydrogen atmosphere. The steel sheet thus treated is then
further subjected to insulating coating-application process
and flattening annealing, whereby the desired grain oriented
electrical steel sheet is obtained. There are no particularly
restrictions on manufacturing conditions in the insulating
coating-application process and flattening annealing and the
conventional methods can be applied thereto.

The grain oriented electrical steel sheet manufactured by
the aforementioned manufacturing processes has very high
magnetic flux density after secondary recrystallization,
together with superior iron loss properties. Having high mag-
netic flux density (for a grain oriented electrical steel sheet)
means that only crystal grains having orientations very close
to Goss orientations have preferentially grown in the second-
ary recrystallization process of the steel sheet. It is known that
the closer the orientations of crystal grains to Goss orienta-
tion, the more rapidly secondary recrystallization grains
grow. That is, having high magnetic flux density indicates
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potential increase in size or coarsening of secondary recrys-
tallized grains, which is not advantageous in terms of decreas-
ing eddy-current loss but advantageous in terms of reducing
hysteresis loss.

Accordingly, it is preferable to carry out magnetic domain
refinement in order to address the problematic phenomenon
described above contradictory to the final object of the
present invention, i.e. reduction of iron loss, and enhance the
effect of reducing iron loss of the invention. Carrying out
adequate magnetic domain refinement in the present inven-
tion successfully decreases the disadvantageous eddy-current
loss caused by coarsening of secondary recrystallized grains,
thereby, together with the hysteresis loss-reducing effect as
the main effect of the present invention, synergistically fur-
ther reducing iron loss.

Any known heat-proof or non-heat-proof magnetic domain
refinement processes are applicable at a stage after the final
cold rolling in the present invention. Irradiating a steel sheet
surface after secondary recrystallization with electron beam
or continuous-wave laser ensures that a magnetic domain
refining effect reaches the inner portion in sheet thickness
direction of the steel sheet, whereby a very low iron loss value
can be obtained as compared with other magnetic domain
refinement processes by, e.g. etching.

EXAMPLES
Experiment 1

Experiment 1 was carried out by: preparing a slab contain-
ing C: 0.06%, Si: 3.2%, Mn: 0.12%, acid-soluble Al: 0.01%,
N: 0.005%, S: 0.0030%, Se: 0.03%, and the balance as Fe and
incidental impurities; heating the slab at 1350° C.; and hot
rolling the slab to sheet thickness of 2.2 mm to obtain a hot
rolled steel sheet; subjecting the hot rolled steel sheet to
hot-band annealing at 1050° C. for 40 seconds; then, prior to
first cold rolling, subjecting the steel sheet to a thermal treat-
ment in dry nitrogen atmosphere under conditions as shown
in Table 1; subjecting the steel sheet thus treated to cold
rolling to sheet thickness of 1.5 mm and intermediate anneal-
ing at 1080° C. for 80 seconds; then subjecting the steel sheet
to another cold rolling to sheet thickness of 0.23 mm and
primary recrystallization annealing also serving as decarbur-
izing annealing at 800° C. for 120 seconds, with setting the
temperature-increasing rate between 500° C. and 700° C. in
the primary recrystallization annealing to be 20° C./second;
coating a surface of the steel sheet with annealing separator
mainly composed of MgO; and subjecting the steel sheet to
secondary recrystallization annealing also serving as purifi-
cation annealing at 1150° C. for 50 hours, to obtain grain
oriented electrical steel sheet samples. Table 1 shows the
measurement results of iron loss of these steel sheet samples.

TABLE 1
Soaking
temperature Soaking Wi7s0
No. °C) time [W/kg] Note
1 400 1 min. 0.889 Comp. Example
2 400 5 min 0.883 Comp. Example
3 400 10 min. 0.876 Comp. Example
4 400 1 hr 0.879 Comp. Example
5 400 24 hrs. 0.864 Comp. Example
6 400 48 hrs. 0.869 Comp. Example
7 400 480 hrs. 0.873 Comp. Example
8 700 1 min. 0.881 Comp. Example
9 700 5 min 0.876 Comp. Example
10 700 10 min. 0.842 Example
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TABLE 1-continued
Soaking

temperature Soaking Wi7s0
No. °C) time [W/kg] Note
11 700 1 hr. 0.823 Example
12 700 24 hrs. 0.814 Example
13 700 48 hrs. 0.818 Example
14 700 480 hrs. 0.806 Example
15 800 1 min. 0.886 Comp. Example
16 800 5 min. 0.887 Comp. Example
17 800 10 min. 0.894 Comp. Example.
18 800 1 hr. 0.903 Comp. Example
19 800 24 hrs. 0.912 Comp. Example
20 800 48 hrs. 0.907 Comp. Example
21 800 480 hrs. 0.917 Comp. Example

“Example” represents Example according to the present invention.

Itis understood from Table 1 that a grain oriented electrical
steel sheet having superior magnetic properties can be
obtained by carrying out a thermal treatment prior to first cold
rolling under conditions of soaking temperature: e.g. 700° C.
and soaking time: at least 10 minutes.

Experiment 2

Experiment 2 was carried out by: preparing a slab contain-
ing C: 0.10%, Si: 3.4%, Mn: 0.10%, acid-soluble Al: 0.02%,
N: 0.008%, S: 0.0030%, Se: 0.005%, and the balance as Fe
and incidental impurities; heating the slab at 1350° C.; and
hot rolling the slab to sheet thickness of 2.0 mm to obtain a hot
rolled steel sheet; subjecting the hot rolled steel sheet to
hot-band annealing at 1000° C. for 40 seconds; then, prior to
first cold rolling, subjecting the steel sheet to a thermal treat-
ment in dry nitrogen atmosphere under conditions as shown
in Table 2; subjecting the steel sheet thus treated to cold
rolling to sheet thickness of 1.3 mm and intermediate anneal-
ing at 1100° C. for 80 seconds; then subjecting the steel sheet
to another cold rolling to sheet thickness of 0.23 mm and
primary recrystallization annealing also serving as decarbur-
izing annealing at 800° C. for 120 seconds, with setting the
temperature-increasing rate between 500° C. and 700° C. in
the primary recrystallization annealing to be 20° C./second;
coating a surface of the steel sheet with annealing separator
mainly composed of MgO; and subjecting the steel sheet to
secondary recrystallization annealing also serving as purifi-
cation annealing at 1150° C. for 50 hours, to obtain grain
oriented electrical steel sheet samples. Table 2 shows the
measurement results of iron loss of these steel sheet samples.

TABLE 2
Soaking
temperature Soaking Wi7s0

No. (°C) time [W/kg] Note
1 400 5 min 0.889 Comp. Example
2 500 5 min 0.883 Comp. Example
3 600 5 min 0.876 Comp. Example
4 700 5 min 0.886 Comp. Example
5 750 5 min 0.869 Comp. Example
6 800 5 min 0.882 Comp. Example
7 850 5 min 0.899 Comp. Example
8 400 24 hrs. 0.881 Comp. Example
9 500 24 hrs. 0.844 Example

10 600 24 hrs. 0.822 Example

11 700 24 hrs. 0.814 Example

12 750 24 hrs. 0.818 Example

13 800 24 hrs. 0.894 Comp. Example
14 850 24 hrs. 0.906 Comp. Example
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It is understood from Table 2 that a grain oriented electrical
steel sheet having superior magnetic properties can be
obtained by carrying out a thermal treatment prior to first cold
rolling under conditions of soaking temperature: 500°
C.-750° C. and soaking time: e.g. 24 hours.

Experiment 3

Experiment 3 was carried out by: preparing a slab contain-

16
samples Nos. 6-24. The samples having the chemical com-
positions within the scope of the present invention, among
samples Nos. 6-24, unanimously exhibited superior magnetic
properties, as shown in FIG. 3.

In contrast, sample No. 1 and sample No. 5 having carbon
contents out of the scope of the present invention exhibited
poor magnetic properties, respectively, because: austenite-
ferrite transformation failed to occur and the effect of improv-

ing the respective components shown in FIG. 3 and essen- 10 ing texture of a steel sheet after primary recrystallization was
: .. 0, . 0, . 0, . 0, . A

{)lallly Si: 3.4%, I\Ii 000; 7o, 1810.003'0/), ie' 0.02 /ﬁ’ aI}dbthe weak in sample No. 1 having too low carbon content; and
a anoc e as e an wncidental impurities; heating the slab at magnitude of non-uniform deformation in first cold rolling

1350° C.; and hot rolling the slab to sheet thickness of 2.0 mm . . . . . .

. . increased due to an increase in austenite phase fraction at high
to obtain a hot rolled steel sheet; subjecting the hot rolled steel ) ture to mak i1 size of the steel sheet at the st
sheet to hot-band annealing at 1000° C. for 40 seconds; then, 15 ' iperatureto make grain size ol the steel sheet at the stage
prior to first cold rolling, subjecting the steel sheet to a ther- ofthe 1nt.erm.ed1a.te annealing fine, whereby intensity r ato of
mal treatment in dry nitrogen atmosphere under conditions of M direction in microstructure of the steel sheet after primary
soaking temperature: 700° C. and soaking time: 24 hours; recrystallization increased, and in addition, decarburization
subjecting the steel sheet thus treated to cold rolling to sheet in first primary recrystallization annealing was incomplete, in
thickness of 1.3 mm and intermediate annealing at 1080° C. 20 sample No. 5 having too high carbon content.
for 80 seconds; then subjecting the steel sheet to another cold
rolling to sheet thickness of 0.23 mm and primary recrystal-
lization annealing also serving as decarburizing annealing at Example 4
820° C. for 120 seconds, with setting the temperature-in-
creasing rate between 500° C. and 700° C. in the primary >5  Example 4 was carried out by preparing grain oriented
recrystallization annealing to be 20° C./second; coating a electrical steel sheet samples under the same conditions as
surface of the steel sheet with annealing separator mainly those of sample No, 11 and sample No. 14 of Experiment 1
composed of MgO; and subjecting the steel sheet to second- (each having the final sheet thickness of 0.23 mm after the
ary recrystallization annealing also serving as purification final cold rolling), except that the temperature-increasing rate
annealing at 1150° C. for 50 hours, to obtain grain oriented 30 between 500° C. and 700° C. in primary recrystallization
electrical steel sheet samples. Table 3 shows the measurement annealing and the magnetic domain refinement techniques
results of magnetic properties of these steel sheet samples. were variously changed as shown in Table 4.

TABLE 3
Magnetic
properties
Chemical composition [mass %] Wi7s0 Bg

No. C Al Mn Ni Sn Sb Cu P [Wikg] [T] Note

1 0005 002 0.1 tr -ttt tr 097 186 Comp. Example

2002 002 01 tr tt  t  t tr 084 194 Example

3 008 002 01 ' tt  t  t tr 082 194 Example

4 015 002 0.1 tr tt  t  t tr 083 195 Example

5 020 0.02 0.1 tr tr tr tr tr 1.04 1.88 Comp. Example

6 005 001 0.1 ' tt  t  t tr 08 195 Example

7 005 005 01 ' tt  t  t tr 083 193 Example

8 005 002 0005 tr tr tr t tr 083 193 Example

9 005 002 03 ' tt  t  t tr 08 193 Example
10 005 002 01 0005 t tr t tr 083 194 Example
11 005 002 01 002 t tt t t 078 196 Example
12005 002 01 15 tr tr  tr  t 080 195 Example
13 005 002 0.1 tr 0005 t t tr 084 193 Example
14 005 002 0.1 tr 005 &t t 077 195 Example
15 005 002 0.1 tr 05 tr tr  t 081 195 Example
16 005 002 0.1 tr tr 0005 t  tr 084 193 Example
17 005 002 0.1 tr tr 005 &t 081 194 Example
18 005 002 0.1 tr tr 05 tr tr 080 1.95 Example
19 005 002 0.1 tr tr tr 0005 tr 084 194 Example
20 005 0.02 0.1 tr tr  tr 005 tr 081 194 Example
21 005 002 01 tr ottt 15 tr 082 194 Example
22 005 002 01 tr tr  tr  tr 0005 084 193 Example
23 005 002 01 tr ottt 0l 081  1.94 Example
24 005 002 01 tr ot ottt 05 080  1.94 Example

It is understood from Table 3 that samples Nos. 2-4 having
the chemical compositions according to the present invention
exhibited satisfactory magnetic properties among samples
Nos. 1-5 in which only carbon content was changed.

Carbon content was kept constant at 0.05% and contents of
Al, Mn, Ni, Sn, Sb, Cu and P were changed, respectively, in

65

Specifically, magnetic domain refinement by etch grooves
was carried out by forming, in the direction orthogonal to the
rolling direction, grooves each having width: 150 pum, depth:
15 pm, interval in the rolling direction: 5 mm on one surface
of a steel sheet sample cold rolled to sheet thickness of 0.23
mm.



Magnetic domain refinement by electron beam was carried
out by continuous irradiation of one surface of a steel sheet
sample after final annealing with electron beam in the direc-
tion orthogonal to the rolling direction under the conditions of
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subjecting a steel slab to heating and subsequent hot rolling
to obtain a hot rolled steel sheet, the steel slab having a
composition containing by mass %, C: 0.020% t0 0.15%
(inclusive of 0.020% and 0.15%), Si: 2.5% to 7.0%

accelerating voltage: 100 kV, irradiation interval: 5 mm, and 5 (inclusive of 2.5% and 7.0%), Mn: 0.005% to 0.3%

beam current: 3 mA.

Magnetic domain refinement by laser was carried out by
continuous irradiation of one surface of a steel sheet sample
after final annealing with laser in the direction orthogonal to

(inclusive of 0.005% and 0.3%), acid-soluble alumi-
num: 0.01% to 0.05% (inclusive of 0.01% and 0.05%),
N: 0.002% to 0.012% (inclusive of 0.002% and
0.012%), at least one of S and Se by the total content

the rolling direction under the conditions of beam diameter: 10 thereof being 0.05% or less, and the balance as Fe and

0.3 mm, output: 200 W, scanning rate: 100 m/second, and
irradiation interval: 5 mm.

Table 4 shows the measurement results of magnetic proper-
ties of the steel sheet samples.

incidental impurities;

subjecting the hot rolled steel sheet to hot-band annealing
under conditions of soaking temperature of 800° C. to
1200° C. (inclusive of 800° C. and 1200° C.) and soak-

TABLE 4
Magnetic
Primary propetties
Thermal treatment recrystallization (after magnetic
prior to cold rolling annealing domain
Soaking Temperature- refinement
temperature Soaking increasing rate Magnetic domain Wi7s0 Bg
No. [°C.] time (500° C.-700° C.) [° C./s] refinement means [Wikg] [T] Note

1 700 1 hour 20 — 0.823  1.948 Example
2 Etch groove 0.714 1.911 Example
3 Electron beam irradiation ~ 0.698  1.946 Example
4 Laser irradiation 0.696 1.947 Example
5 40 — 0.807  1.948 Example
6 Etch groove 0.696 1.912 Example
7 Electron beam irradiation ~ 0.666  1.945 Example
8 Laser irradiation 0.671  1.945 Example
9 100 — 0.752  1.951 Example
10 Etch groove 0.639 1914 Example
11 Electron beam irradiation ~ 0.601  1.949 Example
12 Laser irradiation 0.604  1.949 Example
13 700 480 hrs. 20 — 0.806  1.948 Example
14 Etch groove 0.704 1.912 Example
15 Electron beam irradiation  0.684  1.946 Example
16 Laser irradiation 0.685  1.946 Example
17 40 — 0.793  1.948 Example
18 Etch groove 0.690 1.913 Example
19 Electron beam irradiation ~ 0.651  1.946 Example
20 Laser irradiation 0.655 1.946 Example
21 100 — 0.738  1.951 Example
22 Etch groove 0.631 1.915 Example
23 Electron beam irradiation ~ 0.594  1.949 Example
24 Laser irradiation 0.597  1.948 Example

It is understood from Table 4 that samples subjected, after
hot-band annealing and prior to first cold rolling, to a thermal
treatment in thy nitrogen atmosphere within the scope of the

ing time of 2 seconds to 300 seconds (inclusive of 2
seconds and 300 seconds); and
subjecting the hot rolled steel sheet to at least two cold

present invention exhibit superior iron loss properties as the 5o rolling operations, which includes a final cold rolling,

temperature-increasing rate between 500° C. and 700° C. in
primary recrystallization increases. Further, it is understood
from Table 4 that very good iron loss properties can be
obtained at every temperature-increasing rate by further car-
rying out magnetic domain refinement process. 55

The grain oriented electrical steel sheet obtained by the
manufacturing method of the present invention has better ¢,
magnetic properties than the conventional grain oriented
electrical sheet sheets. A higher-performance transformer or
the like can be manufactured by using the grain oriented
electrical steel sheet of the present invention.

The invention claimed is:

1. A method for manufacturing a grain oriented electrical
steel sheet, comprising the steps of:

INDUSTRIAL APPLICABILITY

with intermediate annealing therebetween to obtain a
coldrolled steel sheet having a final sheet thickness; and
subjecting the cold rolled steel sheet to primary recrystal-
lization annealing and then secondary recrystallization
annealing,
wherein a thermal treatment is carried out after the hot-
band annealing and prior to at least one of the cold

rolling operations so that the thermal treatment is not

o

carried out immediately prior to the final cold rolling,
wherein the thermal treatment is carried out at a tem-
perature in the range of 500° C. to 750° C. (inclusive of
500° C. and 750° C.) for a period in the range of 10
minutes to 480 hours (inclusive of 10 minutes and 480
hours).

2. The method for manufacturing a grain oriented electrical

5 steel sheet of claim 1, wherein temperature-increasing rate
between 500° C. and 700° C. in the primary recrystallization
annealing is at least 50° C./second.
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3. The method for manufacturing a grain oriented electrical
steel sheet of claim 1, further comprising subjecting the cold
rolled steel sheet to magnetic domain refinement at a stage
after the final cold rolling.

4. The method for manufacturing a grain oriented electrical
steel sheet of claim 3, wherein the magnetic domain refine-
ment is carried out by irradiating the steel sheet subjected to
the secondary recrystallization annealing with electron beam.

5. The method for manufacturing a grain oriented electrical
steel sheet of claim 3, wherein the magnetic domain refine-
ment is carried out by irradiating the steel sheet subjected to
the secondary recrystallization annealing with continuous-
wave laser.

6. The method for manufacturing a grain oriented electrical
steel sheet of claim 1, wherein the steel slab further contains
by mass % at least one element selected from Ni: 0.005% to
1.5% (inclusive of 0.005% and 1.5%), Sn: 0.005% to 0.50%
(inclusive of 0.005% and 0.50%), Sb: 0.005% to 0.50% (in-
clusive 0f0.005% and 0.50%), Cu: 0.005% to 1.5% (inclusive
01 0.005% and 1.5%), and P: 0.005% to 0.50% (inclusive of
0.005% and 0.50%).

7. The method for manufacturing a grain oriented electrical
steel sheet of claim 2, further comprising subjecting the cold
rolled steel sheet to magnetic domain refinement at a stage
after the final cold rolling.

8. The method for manufacturing a grain oriented electrical
steel sheet of claim 7, wherein the magnetic domain refine-
ment is carried out by irradiating the steel sheet subjected to
the secondary recrystallization annealing with electron beam.

9. The method for manufacturing a grain oriented electrical
steel sheet of claim 7, wherein the magnetic domain refine-
ment is carried out by irradiating the steel sheet subjected to
the secondary recrystallization annealing with continuous-
wave laser.

10. The method for manufacturing a grain oriented electri-
cal steel sheet of claim 2, wherein the steel slab further con-
tains by mass % at least one element selected from Ni:
0.005% to 1.5% (inclusive 0f 0.005% and 1.5%), Sn: 0.005%
to 0.50% (inclusive of 0.005% and 0.50%), Sb: 0.005% to
0.50% (inclusive 0f 0.005% and 0.50%), Cu: 0.005%to 1.5%
(inclusive of 0.005% and 1.5%), and P: 0.005% to 0.50%
(inclusive of 0.005% and 0.50%).

11. The method for manufacturing a grain oriented electri-
cal steel sheet of claim 3, wherein the steel slab further con-
tains by mass % at least one element selected from Ni:
0.005% to 1.5% (inclusive 0f 0.005% and 1.5%), Sn: 0.005%
to 0.50% (inclusive of 0.005% and 0.50%), Sb: 0.005% to
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0.50% (inclusive 0f 0.005% and 0.50%), Cu: 0.005%to 1.5%
(inclusive of 0.005% and 1.5%), and P: 0.005% to 0.50%
(inclusive of 0.005% and 0.50%).

12. The method for manufacturing a grain oriented electri-
cal steel sheet of claim 7, wherein the steel slab further con-
tains by mass % at least one element selected from Ni:
0.005% to 1.5% (inclusive 0f 0.005% and 1.5%), Sn: 0.005%
to 0.50% (inclusive of 0.005% and 0.50%), Sb: 0.005% to
0.50% (inclusive 0f 0.005% and 0.50%), Cu: 0.005%to 1.5%
(inclusive of 0.005% and 1.5%), and P: 0.005% to 0.50%
(inclusive of 0.005% and 0.50%).

13. The method for manufacturing a grain oriented electri-
cal steel sheet of claim 4, wherein the steel slab further con-
tains by mass % at least one element selected from Ni:
0.005% to 1.5% (inclusive 0f 0.005% and 1.5%), Sn: 0.005%
to 0.50% (inclusive of 0.005% and 0.50%), Sb: 0.005% to
0.50% (inclusive 0f 0.005% and 0.50%), Cu: 0.005%to 1.5%
(inclusive of 0.005% and 1.5%), and P: 0.005% to 0.50%
(inclusive of 0.005% and 0.50%).

14. The method for manufacturing a grain oriented electri-
cal steel sheet of claim 8, wherein the steel slab further con-
tains by mass % at least one element selected from Ni:
0.005% to 1.5% (inclusive 0f 0.005% and 1.5%), Sn: 0.005%
to 0.50% (inclusive of 0.005% and 0.50%), Sb: 0.005% to
0.50% (inclusive 0f 0.005% and 0.50%), Cu: 0.005%to 1.5%
(inclusive of 0.005% and 1.5%), and P: 0.005% to 0.50%
(inclusive of 0.005% and 0.50%).

15. The method for manufacturing a grain oriented electri-
cal steel sheet of claim 5, wherein the steel slab further con-
tains by mass % at least one element selected from Ni:
0.005% to 1.5% (inclusive 0f 0.005% and 1.5%), Sn: 0.005%
to 0.50% (inclusive of 0.005% and 0.50%), Sb: 0.005% to
0.50% (inclusive 0f 0.005% and 0.50%), Cu: 0.005%to 1.5%
(inclusive of 0.005% and 1.5%), and P: 0.005% to 0.50%
(inclusive of 0.005% and 0.50%).

16. The method for manufacturing a grain oriented electri-
cal steel sheet of claim 9, wherein the steel slab further con-
tains by mass % at least one element selected from Ni:
0.005% to 1.5% (inclusive 0f 0.005% and 1.5%), Sn: 0.005%
to 0.50% (inclusive of 0.005% and 0.50%), Sb: 0.005% to
0.50% (inclusive 0f 0.005% and 0.50%), Cu: 0.005%to 1.5%
(inclusive of 0.005% and 1.5%), and P: 0.005% to 0.50%
(inclusive of 0.005% and 0.50%).

17. The method for manufacturing a grain oriented electri-
cal steel sheet of claim 1, wherein the thermal treatment is
carried out as a batch annealing.
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